Abstract. It has been shown that nonimmune, human immunoglobulins are bound to the surface of certain strains of Plasmodium falciparum-infected erythrocytes. We describe a novel way of enriching parasitized red blood cells (pRBC) for immunoglobulin binding/rosette formation using Dynabeads coated with antibodies raised against human immunoglobulins. Whole P. falciparum cultures were mixed with the precoated beads for approximately 120 min at room temperature, and the bound pRBC were isolated by magnetic force. The nonbound cell fraction contained ringinfected pRBC, immunoglobulin-negative, trophozoite-infected pRBC, and uninfected erythrocytes. A consistent elevation in the immunofluorescence and rosette formation rates of 100% and 86% respectively, was detected after the first enrichment and subcultivation. Protein A or G were also found to support binding of pRBC through surfaceexpressed immunoglobulin. The Dynabead technique is a novel way of enriching pRBC based on the immunoglobulinbinding capacity of the infected erythrocyte.
Severe malaria is the cause of death of several million individuals each year, primarily due to cerebral malaria and to anemia. It is generally agreed that excessive sequestration of infected and uninfected erythrocytes (cytoadherence and rosette formation) is the primary reason for the vascular obstruction seen at autopsy in these patients. [1] [2] [3] Minute electron-dense excrescences on the infected erythrocyte surface (knobs) have been found to mediate the attachment of parasitized erythrocytes to endothelial cells and to uninfected erythrocytes. 3 An electron-dense fibrillar structure, which is involved in the binding and contains immunoglobulins M or M and G, is found at the knobs. 3 Based on this knowledge, we have developed a novel method for the enrichment of immunoglobulin-binding, infected erythrocytes using antiimmunoglobulin-coated magnetic beads.
MATERIALS AND METHODS

Parasites.
The Plasmodium falciparum strains TM284 and the 3D7.2 were cultured according to standard procedures with 10% AB ϩ Rh ϩ serum added to the buffered medium (malaria incomplete medium; RPMI 1640 medium supplemented with HEPES (Gibco, Paisley, Scotland), gentamycin (Sigma, St. Louis, MO), and sodium bicarbonate (Merck, Darmstadt, Germany). The TM284 strain, which forms rosettes and binds both IgG and IgM on the surface of the pRBC, was isolated in 1990 from a Thai patient with cerebral malaria. 3 The P. falciparum strain 3D7.2 is a rosette-forming, non-immunoglobulin-binding clone, which originally had a very low rate of rosette formation, but was enriched for rosette formation using micromanipulation in which single rosettes were isolated with a micropipette (Sundström A, Fernandez V, and others, unpublished data).
Estimation of rosette formation rate. The parasites were stained with one drop (10 g/ml) of acridine orange to determine parasitemia, and counted in a Nikon (Tokyo, Japan) Optiphot-2 UV microscope using a 10ϫ ocular and a 40ϫ lens. The rosette formation rate was calculated as the number of rosette-forming late-stage pRBC per total number of latestage pRBC.
Estimation of the immunoglobulin fluorescence rate.
The immunoglobulin binding capacity of the pRBC was estimated with immunofluorescence as described previously. 2 The cells were labeled directly using fluorescein isothiocyanate-conjugated sheep anti-human immunoglobulin antibodies (SBL; Sweden Institute for Infectious Disease Control, Solna, Sweden). The fluorescence rate was assessed by counting the number of fluorescent late-stage pRBC per total number of late-stage pRBC in a Nikon Optiphot-2 UV microscope, using a 10ϫ ocular and an oil immersion lens with a magnification of 100ϫ. 3 Coating of Dynabeads with immunoglobulin. Three milliliters of Dynabeads suspension (Dynabeads M-450, 4.5m diameter, Tosylactivated; Dynal A.S., Oslo, Norway) were coated with sheep anti-human immunoglobulin antibodies (5 g/ml beads; SBL, Sweden) according to the protocol provided by Dynal A.S.
Experimental setup. The malaria parasites were allowed to multiply to a parasitemia of approximately 10%. Both the culture and the Dynabeads were washed three times in 3 ml of MIM and resuspended in 2 ml of MIM. The culture was mixed with the Dynabeads and immediately incubated on a rotator (10 rpm) at room temperature for 1.5-2 hr. The immunoglobulin-binding pRBC attached to the Dynabeads were selected using a magnetic particle concentrator (MPC) after the incubation. The supernatant was found to contain early parasite stages and non-immunoglobulin binding latestage pRBCs, while immunoglobulin-binding late-stage pRBCs were found adherent to the beads ( Figure 1 ). The washed beads with bound pRBC were resuspended in malaria complete medium (MCM; MIM ϩ 10% Rh ϩ AB ϩ serum). The number of pRBC attached to the Dynabeads per total number of late stage pRBC was estimated. The beads/ pRBC were subcultivated by adding the mixture to fresh RBC at a hematocrit of 5% (3.8 ml of MCM and 0.2 ml of packed erythrocytes in a 25-cm 2 flask). The pRBC had detached and burst within 24 hr, infecting new erythrocytes. The Dynabeads were removed from the culture-flask using the MPC. The optimal number of beads per pRBC was determined by titrating the number of erythrocytes/ml against FIGURE 1. Dynabeads (D) bound to an infected erythrocyte. The photograph, taken just after enrichment with Dynabeads, shows one infected erythrocyte stained with acridine orange that has bound three Dynabeads. Scale bar ϭ 4.5 m.
FIGURE 2.
A, rosette-forming capacity of parasitized red blood cells (pRBC) before and after enrichment for immunoglobulin binding. The original strain (A, Ⅺ) from which the first Dynabead selection was made was continuously propagated as a control. The first enrichment gave rise to a second strain (DI, ᭡) that was enriched one more time (D2, O). Means are shown for each enrichment (P Ͻ 0.0001). Arrow indicates when the enrichment was made. B, immunoglobulin-binding capacity of pRBC before and after enrichment for immunoglobulin binding. The original strain (A, Ⅺ) from which the first Dynabead selection was made was continuously propagated as a control. The first enrichment gave rise to a second strain (DI, ᭡) that was enriched one more time (D2, O). Means are shown for each enrichment. P ϭ 0.0152, difference between D1 and D2; P Ͻ 0.0001, difference between A and D1 and A and D2. Arrow indicates when the enrichment was made. a titration of different numbers of Dynabeads. Six Dynabeads per target cell was found to be optimal.
Adhesion of pRBC to protein A or protein G. The binding of pRBC to an alternative immunoglobulin adhesive matrix was subsequently studied. Protein A or G (50 g/ml; Sigma) in phosphate-buffered saline (PBS) was spotted onto printed, 10-well glass slides. To enhance the immunoglobulin binding capacity of protein A, all PBS solutions used in the assay were adjusted to pH 8.0. After standing at room temperature, for 1 hr, the wells were aspirated and overlaid with 10 mg/ml of bovine serum albumin (1% BSA; Sigma) for 1 hr at room temperature to block available protein binding sites on the glass. After the wells were washed with PBS, a 2% hematocrit suspension of pRBC in 1% BSA was added. The slides were incubated at 37ЊC for 1 hr, washed gently in PBS, and then left to fix for 45 min in 1% glutaraldehyde in PBS. The attached cells were stained with 2% Giemsa in PBS for 30 min and the number of bound pRBC/mm 2 was counted with a microscope.
RESULTS
Dynabead enrichment of immunoglobulin Ig binding pRBC.
The pRBC of the non-immunoglobulin binding, rosette-forming strain 3D7.2 did not adhere to the Dynabeads, but the pRBC of the immunoglobulin-binding strain TM284 did adhere to the beads. The original immunoglobulin binding rate of strain TM284 estimated with immunofluorescence was 20%. The percentage of the late-stage pRBC of strain TM284 bound during the first enrichment was found by microscopy to be ഠ50%. Incubation of the culture with the Dynabeads disrupted pre-existing rosettes. The supernatant, in addition to containing immunoglobulin-negative, trophozoite-infected pRBC, also contained ring-infected and uninfected erythrocytes (immunoglobulin binding rate ϭ 3%, rosette formation rate ϭ 12%). Strain TM284 (A) had an initial rosette formation rate of 29% and an immunofluorescence rate of 20% that after selection with the Dynabeads and subsequent subcultivation was increased to 54% ( Figure   2A ) and 40% ( Figure 2B ), respectively. This corresponds to an increase in the rosetting-formation and immunofluorescence rates of 86% and 100%, respectively. The original culture (A) was continuously propagated as a control, showing a rosette formation rate that was consistently 10-20% lower than that seen after the first Dynabead selection (D1). A consistent difference in the immunofluorescence rate between A and D1 was also detected and the relative increase in the rosette formation rate and the immunofluorescence rate corresponded well with each other and were stable over time (Figure 2) . In a statistical analysis using an unpaired ttest, we compared the differences in rosette formation and fluorescence rates, respectively, following the Dynabead enrichments. Cultures A, D1, and D2 were used as grouping variables. A significant difference (P Ͻ 0.0001) was found in all cases except for the mean difference in immunofluorescence rates between D1 and D2 (P ϭ 0.0152).
The TM284 parasites (A and D1) were propagated in culture for another 24 days before a second Dynabead selection was made from culture D1. This yielded a strain of parasites that was selected twice (D2). Here, the number of late-stage pRBC bound to the Dynabeads was approximately 63%, while the rosetting formation rate increased 41% and the immunofluorescence rate increased 27% (Figure 2 ). Strains A, D1, and D2 were cultured in parallel and monitored as above.
Adhesion of pRBC to protein A and protein G. We found a strong binding of the twice enriched pRBC (D2) directly to protein A/protein G. The binding to protein A/ protein G compared with the control (1% BSA) showed a four-fold increase. Furthermore, the binding to protein A or protein G could be blocked in a dose-dependent manner by rabbit immunoglobulins (Figure 3) . The non-immunoglobulin-binding, rosette-forming strain 3D7.2 showed no adherence to either protein A or protein G. DISCUSSION We have showed that Dynabeads coated with anti-human immunoglobulins may be used to enrich specifically for immunoglobulin-binding, Plasmodium falciparum-infected RBC. Furthermore, the rosette-forming capacity increased correspondingly.
The percentage of pRBC bound to the Dynabeads during the first enrichment was ഠ50%,while the immunofluorescence rate was only ഠ20%. This may also reflect adherence to the beads of pRBC with only small amounts of immunoglobulin bound to the surface since only 40% of the cells were immunoglobulin-positive after the first enrichment and subcultivation. Furthermore, the original rosette-formation rate was ഠ10% higher than the immunofluorescence rate. Thus, it seems likely that the rosette formation is not mediated entirely by immunoglobulins bound to the surface of the pRBC, as seen both in in vitro and wild isolates in which some strains that do not bind immunoglobulins to the surface of the pRBC do form rosettes. 3, 4 Whatever the explanations, our findings show that the binding of immunoglobulins to the surface of infected erythrocytes is an important factor in the formation of rosettes, and may be used as a novel way of enriching pRBC for immunoglobulin binding or rosette formation.
The method presented here has the advantage that even cultures of parasites that exhibit low levels of immunoglobulin binding (or rosette formation: 20% and 29%, respectively) may be enriched for this phenotype. This is not the case for alternative methods used for rosette enrichment, e.g., the Ficoll-Isopaque method previously developed 5 is useful primarily when the rosette formation rate is relatively high because it results in a considerable increase in the rosette-formation rate only when the cells have a rosette-formation rate of ഠ40% or more. Similarly, the gelatin sedimentation method developed by Handunnetti and others 6 is also efficient only when the parasites have an initially high rate of rosette formation. In addition to the possibility of enriching a low immunoglobulin-binding or rosette-forming strain to a high immunoglobulin-binding/rosette-forming capacity, the Dynabead technique may also be used for phenotype cloning of pRBC expressing variants of Plasmodium falciparum erythrocyte membrane protein-1 with micromanipulation.
To confirm and strengthen our findings that pRBC bind immunoglobulins, we studied whether the immunoglobulin adhered to the pRBC was sufficiently exposed to mediate binding to protein A. This was the case since direct adherence of pRBC to proteins A/G was seen. This raises new and interesting questions. One implication of the results could be that the P. falciparum-infected erythrocyte has the ability to bind Fc-receptors via nonimmune surface immunoglobulins both on leukocytes and on the endothelium.
We have described a novel way of enriching pRBC for immunoglobulin-binding/rosette-forming capacity by using Dynabeads coated with anti-human immunoglobulin antibodies. The enrichment was performed twice and a pronounced increase in both the immunofluorescence and the rosette formation rates was observed after each selection. These findings, as well as the ability of pRBC to adhere to protein A and protein G, opens the possibility that pRBC may adhere to Fc receptors via the bound surface immunoglobulin. In what way and to what extent immunoglobulins bound to the surface of pRBC contribute to sequestration or phagocytosis remains to be further explored.
